Abstract: Pregnane X receptor (PXR) is an important member of the nuclear receptor superfamily that copes with various endobiotic and xenobiotic stimuli, such as carcinogens by regulating an array of environmental response genes. Low PXR expression has been shown to promote tumor initiation and metastasis. The aim of the current study was to investigate whether the single nucleotide polymorphisms (SNPs) of PXR could alter lung cancer susceptibility in Chinese by affecting the function or expression of PXR. We genotyped three putatively functional SNPs of PXR (i.e., rs3814055C>T, rs3732360C>T, and rs3814058C>T) and analyzed their associations with lung cancer risk in a two-stage case-control study with a total of 1559 lung cancer cases and 1679 controls in the southern
Introduction
Lung cancer is the most common type of malignant tumor and the leading cause of cancer-related death both in China and worldwide. Data from the population-based national central cancer registry of China showed that 605,946 new cases and 486,555 deaths of lung cancer had occurred in 2010 [1] . Meanwhile, the number is on the increase and will cause heavy social burdens with respect to the large number of smokers in China. Tobacco smoking is the major risk factor of lung cancer [2] . Tobacco contains several well-established chemical carcinogens, such as polycyclic aromatic hydrocarbons (PAHs), tobacco-specific nitrosamines, and metals [3] . These carcinogens can bind to DNA and form DNA-adducts, which can further damage DNA if not repaired and thus induce genomic instability as well as mutations in some cancer-related genes. Both would contribute to the susceptibility and development of human cancers [4, 5] . In the process, the body's adaptive defense system can help the body resist damage through detoxification and excretion of these carcinogens by regulating the absorption and metabolism of these carcinogens. Interestingly, several single nucleotide polymorphisms (SNPs) in molecules of the body's adaptive defense system have been reported to be associated with risk of various human diseases including cancer [6] [7] [8] [9] .
The nuclear pregnane X receptor (PXR, also named NR1I2) is an important component of the body's adaptive defense system against toxic xenobiotics and endogenous metabolites. PXR belongs to the nuclear receptor superfamily of ligand-regulated transcription factors and regulates the transcription of numerous metabolic enzymes implicated in cellular response to xenobiotics [10, 11] . PXR was originally shown to serve as a master transcriptional regulator of xenobiotic-inducible cytochrome P450 (CYP) genes [12, 13] , and then was found to play a role in the activation of CYP3A4 and CYP2B6, all of which belong to a gene family that plays pivotal roles in metabolic transcription of tobacco-derived carcinogens, especially PAHs, and development of lung cancer [14] [15] [16] [17] . If not be removed by the CYPs, metabolic intermediates of carcinogens are often highly active and can induce initiation and promotion of tumor [18, 19] .The PXR expression was associated with the inducibility of CYP genes' activities in lung, suggesting that PXR participates in the inactivation of tobacco-carcinogenic agents and may be involve in the development of lung cancer [20] . Disordered PXR expression has been reported in a variety of tumor types, correlating not only with drug resistance but also with the proliferation, apoptosis, and prognosis of cancer [21] [22] [23] [24] . Low PXR expression was also observed in lung cancer cells [25] .
The human PXR gene is located on human 3q12-13.3, coding the PXR protein that contains a N-terminal domain, a DNA-binding domain (DBD) and a C-terminal ligand-binding domain (LBD) [11, 26] . Recently, several studies have reported that SNPs of PXR were associated with risk of several diseases, including Barrett's esophagus (BE), nonalcoholic fatty liver disease and inflammatory bowel disease [6, 8, 9] . However, no study has yet tested the associations between SNPs of PXR and lung cancer risk. It is well known that SNPs that are located in the promoter, 5'-untranslated region (5'-UTR), exons, and 3'-UTR of gene sequences may influence the expression or the structure of genes and thus supported to be putatively functional [20, 25] .The putatively functional SNPs of PXR may affect the expression or function of PXR. On account of the fact that PXR may play roles in lung carcinogenesis, we hypothesized that these putatively functional SNPs in the PXR gene were associated with lung cancer susceptibility in Chinese.
In two independent case-control studies, we firstly genotyped three putatively functional SNPs of PXR (i.e., rs3814055C>T in the 5'-untranslated region (5'-UTR); rs3732360C>T and rs3814058C>T in the 3'-untranslated region (3'-UTR)) with common frequency (i.e., minor allele frequency in Chinese > 5%) in a southern Chinese population with a total of 1056 cases of lung cancer patients and 1056 sex and age frequency-matched controls, and analyzed the associations between the SNPs and lung cancer risk; we then validated the promising association in an eastern Chinese population. Quantitative reverse transcription PCR (qRT-PCR) was further performed to assess the genotype-phenotype correlation between the promising SNP and PXR mRNA levels in lung cancer tissues.
Results

PXR Genotypes and Lung Cancer Risk
As shown in Table 1 , all observed genotype frequencies of PXR SNPs were in agreement with the Hardy-Weinberg equilibrium in the cancer-free controls (p > 0.05 for all). In the discovery set of the southern Chinese, we found that the SNP rs3814058C>T has a significant difference in frequency distributions of genotypes between the lung cancer cases and controls (p = 0.033). Compared with individuals carrying the common rs3814058CC genotype, those with the rs3814058T variants (TC or TT) had a significantly increased risk of lung cancer (odds ratio (OR) = 1.24; 95% confidence interval (CI) =1.03-1.49; p = 0.023). The results from the validation set of the eastern Chinese further confirmed the significant association above, that the carriers of rs3814058T variants had a significant increased cancer risk (OR =1.33, 95% CI = 1.02-1.75; p = 0.026). We then combined the two populations as a merged set to increase the study power. In the merged set of a total of 1559 lung cancer cases versus 1679 controls, the carriers of rs3814058T variants had 1.25-folds increased risk of lung cancer (OR = 1.25, 95% CI = 1.08-1.45; p = 0.004) compared with the rs3814058CC genotype. However, because no significant association was observed between the two SNP rs3814055C>T (p = 0.836), rs3732360C>T (p = 0.758) and lung cancer risk in the southern Chinese, we did not validate their associations with lung cancer risk in the eastern Chinese. In addition, the frequency distributions of demographic characteristics of the discovery set and the validation set are shown in Table S1 . 
Stratification Analysis
As shown in Table 2 , there was a significant interaction (multiplication model: p = 0.023) between the SNP rs3814058C>T and smoking on the risk of lung cancer with the OR value equaling to 1.33 (95% CI = 1.02-1.73) in the stratum of current smokers and 1.92 (95% CI = 1.31-2.81) in former smokers while no significant effect observed (OR = 1.06, 95% CI = 0.85-1.31) in the stratum of non-smokers. Also, the rs3814058T variants significantly interacted with pack-years smoked on increasing lung cancer risk (p = 0.019). In addition, for other stratified factors, we did not find any significant differences in associations between rs3814058T variants and risk of lung cancer in each stratum (multiplicative interaction test: p > 0.05 for all). and Bold numbers mean that the difference or association was statistically significant.
Association between the rs3814058C>T Genotypes and mRNA Levels of PXR Gene
No significant difference of PXR mRNA levels was found in lung cancer tissues with different rs3814058C>T genotypes as presented in Figure S1 . However, while divided into subgroups by smoking status, we found that compared to the rs3814058CC genotype, the rs3814058T variants had significantly lower mRNA expression levels in tissues from smoking patients including current and former smokers (CC: 0.76 ± 0.23; TC: 0.49 ± 0.38; TT: 0.36 ± 0.33; ANOVA test: p = 0.041, Figure 1A , but not in tissues from non-smoking patients (p = 0.876, Figure 1B) . 
Discussion
In these two independent case-control studies of 1559 lung cancer cases and 1679 controls conducted in southern and eastern Chinese populations, we found that the rs3814058T variants of rs3814058C>T in the 3'-UTR of PXR were significantly associated with an increased lung cancer risk in smokers of Chinese. A significant interaction between the rs3814058T variants and smoking was also observed. Furthermore, this SNP was functional as that the rs3814058T variants significantly decreased expression of PXR in comparison to the rs3814058CC genotype in those smoking individuals. However, there was no significant deviation in frequency distributions between cases and controls for the genotypes of SNPs rs3814055C>T and rs3732360C>T. To the best of our knowledge, this is the first report on genetic variants in PXR and susceptibility of lung cancer.
Evidences indicate that as a ligand-dependent transcription factor of the nuclear hormone receptor superfamily, PXR has a multitude of functions including toxic xenobiotics and endogenous metabolites metabolism, gut mucosal defense and energy homeostasis [27] . With its predominantly regulatory role in xenobiotic clearance via induction of metabolizing enzymes and drug transporters, PXR has been reported to be involved in the development of various cancers, such as breast cancer and colon cancer [28, 29] . Although the direct role of PXR on lung tumorgenesis was unclear, it is well-established that PXR regulates the activity of the CYP gene family, which plays pivotal roles in metabolic transcription of tobacco-derived carcinogens and inhibits lung carcinogenesis [14] [15] [16] [17] . Also, Low expression of PXR was observed in lung cancer cells [25] . All these suggested that PXR participates in the development of lung cancer. Recently, the associations between SNPs in the PXR gene and human diseases are extensively evaluated [6] [7] [8] [9] . In the current study, based on a large sample size of a two-stage case-control study in Chinese population, we observed a novel association between the SNP rs3814058C>T in the 3'-UTR of PXR and lung cancer risk in smokers of Chinese, suggesting that the variants in PXR may be a valuable biomarker to predict risk of lung cancer.
In the stratification analysis, we found that the detrimental role of rs3814058C>T in lung cancer risk was more memorable in the subgroup of current and former smokers, and the rs3814058T variants also had a significant interaction with smoking on cancer risk. It is well known that tobacco consumption is the major risk factor of lung cancer [2] . Tobacco substrates can also stimulate PXR activities [16] . Moreover, results from our bioassay showed the SNP rs3814058C>T could significantly affect PXR mRNA expression in lung cancer tissues derived from smokers. These results indicated that the rs3814058C>T SNP-induced low PXR expression may cause more adverse effect in response to smoking stimulation and thus interacted with smoking on lung carcinogenesis.
To investigate the possible molecular mechanism on how the SNP rs3814058C>T influence the PXR expression, we performed bioinformatic analysis using the FuncPred tool from the SNPinfo Web Server (http://snpinfo.niehs.nih.gov/) [30] . The result showed that the C to T transposition of rs3814058C>T would result in a novel binding site of hsa-miR-501-5p. Therefore, it is biologically possible that rs3814058T variants significantly decrease expression of PXR via hsa-miR-501-5p regulation, which in turn weakens the detoxification of the carcinogens and thus facilitates tumorigenesis. However, further functional experiments to elucidate this biological mechanism of this SNP are obligatory.
Since our studies were two hospital-based case-control studies, restricted with Chinese Han populations, it is difficult to avoid selection bias and information bias. However, we have achieved an 83.0% study power (two-sided test, α = 0.05) to detect an OR of 1.25 for the rs3814058T variants (which occurred at a frequency of 67.2% in the controls) on lung cancer risk. The functional assay also supported the association. Therefore, it appears that our finding that the association between the PXR variant and lung cancer risk is unlikely to be achieved by chance.
Experimental Section
Study Subjects
In the current study, two independent case-control studies were performed in southern and eastern Chinese populations. The sample collection and definition of studied variables, such as smoking, had been previously described [31] [32] [33] . Here in brief, a southern Chinese population was used as a discovery set with 1056 histopathologically confirmed primary lung cancer cases and 1056 age (±5 years) and sex-frequency matched cancer-free controls that were recruited from Guangzhou (China) and surrounding regions, and an eastern Chinese population was used as a validation set, which included 503 patients and 623 age (±5 years) and sex-frequency matched controls who were enrolled from Suzhou (China) and surrounding regions. The studies were approved by the institutional review boards of Guangzhou Medical University (Guangzhou, China) and Soochow University (Suzhou, China).
Single Nucleotide Polymorphism (SNP) Selection and Genotyping
SNPs located in the predicted 3000 bp promoter region, 5'-UTR, coding region and 3'-UTR of PXR are predicted to be putatively functional. Based on the data of Chinese population of HapMap database (http://hapmap.ncbi.nlm.nih.gov/) [34] , we found that there were seven common SNPs with minor allele frequency (MAF) >5% in Chinese, among which the promoter SNPs and 3'-UTR SNPs were in completely linkage disequilibrium (LD) with each other, respectively, as shown in Figure S2A , B. Thus, we used the Haploview software 4.2 (Daly Lab at the Broad Institute, Cambridge, MA, USA) to select the tagger SNPs (TagSNPs) that could cover the genetic information of these 7 SNPs. Such three SNPs were selected in the current study that are rs3814055C>T in 5'-UTR, rs3732360C>T and rs3814058C>T in 3'-UTR of PXR.
Genomic DNA was extracted from 2 mL peripheral blood using the DNA Blood Mini Kit (Qiagen, Valencia, CA, USA). We genotyped the three tagSNPs using the TaqMan allelic discrimination Assay on an ABI7900 system (Applied Biosystems, Foster City, CA, USA) with the primes and probes as listed in Table S2 . We further randomly selected 10% samples for each of the three SNPs to perform repeat assays, and the results were 100% concordant ( Figure S2C ).
PXR mRNA Expression Analysis
Because only the SNP rs3814058C>T of PXR was found to be significantly associated with lung cancer risk, we then determined whether the polymorphism had an effect on PXR gene expression by using the qRT-PCR method as previously described [35] . Total RNA of sixty lung cancer tissues were extracted by using the Trizol Reagent (Invitrogen, Carlsbad, CA, USA) and then reversely transcribed to complementary DNA by using the oligoT primer and the SuperscriptII (Invitrogen). mRNA expression levels of PXR and an internal reference gene β-actin were detected on the ABI Prism 7900 sequence detection system (Applied Biosystems) based on the SYBR-Green method. The primers for PXR were: 5'-GTTCAATGCGGAGACTGG-3' (forward) and 5'-GGGAGAAGAGGGAGATGG-3' (reverse) and for β-actin were: 5'-GGCGGCACCACCATGTACCCT-3' and 5'-AGGGGCCGGACTCGTCATA CT-3'. Relative quantification of PXR mRNA was calculated according to the 2 −ΔCt method [36] . All analyses were performed in a blinded fashion with the laboratory persons unaware of genotyping data and each assay was done in triplicate.
Statistical Analysis
The Hardy-Weinberg equilibrium (HWE) was tested by a goodness-of-fit chi-square test to compare the expected genotype frequencies with observed genotype frequencies in cancer-free controls. The chi-square test was used to assess differences in the frequency distributions of demographic characteristics and genotypes of PXR SNPs between cases and controls. The association between each SNP and lung cancer risk was estimated using an unconditional logistic regression model with adjustment for age, sex, smoking status, drinking status and family history of cancer. A multiplicative interaction model was suggested to evaluate possible gene-environment interactions [37] . The differences of PXR mRNA levels in tumor tissues with different genotypes were assessed by the One-way ANOVA test. Moreover, the statistical power was calculated by using the PS Software (illiam D. Dupont and Walton D. Plummer, Nashville, TN, USA). All tests were two-sided by using the SAS software (version 9.3; SAS Institute, Cary, NC, USA) and p < 0.05 was considered to be statistically significant.
Conclusions
In conclusion, our data suggest that the SNP rs3814058C>T in the PXR gene is associated with an increased risk of lung cancer in Chinese smokers. The SNP rs3814058C>T of PXR may be a genetic biomarker for susceptibility to lung cancer. Validations with larger population-based studies in different ethnic groups and further biological assays are warranted to confirm our findings.
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